Kinematic studies to date have not considered in what ways surface markers may affect the performance of the analyzed motion. This neglect is particularly apparent in studies of prehensile movements involving surface markers attached to the fingers. In order to specify any such effects, a range of kinematic parameters derived from simple reach-to-grasp movements, both with and without finger markers, by 3-yearold children and adults were analyzed. Finger markers affected both the spatial and temporal nature of the children's reaching performance as revealed by a more temporally segmented reaching path, an age-atypically straighter reaching path, and an increased time to establish a pincer grip. The reaching movements made by the adults were unaffected in terms of the kinematic parameters employed.
In the last couple of decades, the development of kinematic measurements by means of surface techniques has created a noninvasive method to study human gross and fine motor abilities. A large number of studies have demonstrated that such measurements are sensitive and valuable tools for detailed quantitative investigations of reaching and grasping in both adults and children (e.g., Bradshaw et al., 2004; Churchill et al., 2000; Corbetta & Thelen, 1995; Fetters & Todd, 1987; Forssberg et al., 1991; Jeannerod, 1984 Jeannerod, , 1986 Rönnqvist & Domellöf, 2006; von Hofsten, 1979; von Hofsten & Rönnqvist, 1988) . Despite such popularity, there has been little or no attention paid to whether (active or passive) surface markers attached to the skin might affect the kinematics of natural movements derived from optoelectronic registrations. This observation is particularly germane to prehensile movements. If surface markers do alter the performance of such movements, then the question arises as to whether the effects are more salient for children than for adults.
The present study constitutes the first attempt to detect any effects of finger markers on a range of commonly investigated kinematic parameters pertaining to reaching movements. Because such effects may differ between children and adults, both young children and adults participated in the study.
Methods
Participants consisted of five healthy 3-year-old children (1 female, 4 males; mean age = 3.0 years, range = 3.0-3.1) and six healthy right-handed adults (3 females, 3 males; mean age = 37.7 years, range = 26-51). The adults and the parents of the children gave their informed consent before testing. An additional 11 children participated in the study, but they were excluded from further analysis owing to an unwillingness to perform reach-to-grasp movements with markers attached to thumb and index finger.
A six-camera optoelectronic registration system (ProReflex, Qualisys Inc., Sweden) was used to capture prehensile movements in two different conditions during performance of a simple pegboard task: with finger markers (FM) and without (NFM). Data were sampled at a frequency of 240 Hz, and video recordings (Sony Handycam) were synchronized with all kinematic recordings derived from the optoelectronic system. The finger markers were spherical (diameter = 7 mm), with a 5-mm fundament, and were affixed with hypoallergenic adhesive tape to the third metacarpal (on the nail) of the thumb and index finger of both hands. The wrist markers were spherical (1 cm) and attached to a soft rubber bracelet, one for each wrist. All markers were passive (reflective) and weighed <0.3 g. The peg was also equipped with a semispherical marker (1 cm) to obtain an accurate time indication for hand-peg contact and the "offset" of the grasp (that is, time at which the grip is established). The cameras were positioned at a distance of 2-3 m from the calibrated measurement volume.
The participants were seated in an age-appropriate chair in front of a testing table (73.5 × 80 × 80 cm). For the children, the seating position was scaled to arm length so that the peg was within a comfortable reaching distance. For the adults, the distance between hand starting position (fingertip) and peg was set to 24 cm. The task consisted of removing one peg (height = 6 cm, diameter = 1 cm), placed in midline, and inserting it into a bowl with a 1.6-cm diameter opening, positioned directly above the pegboard midline. The participants were instructed to grip the peg with thumb and index finger on a specified area of the peg (marked with red tape, width = 1.8 cm). All were given ample (and for the children individually adjusted) time to adapt to the attached finger markers. In addition, at least two practice trials per condition (FM, NFM) were given before testing started. The FM condition always came first, followed by the NFM condition, and, if needed, a final FM session was performed. The order of testing was counterbalanced between reaching with the left and right hand, with at least 12 trials per condition. Data for each group in both conditions were based on the combined movement kinematics of both hands. All participants were unaware of the research question addressed by the present study and instructed to reach and grasp with natural speed and precision.
The total number of successful kinematic recordings were 167 (42 in FM condition) for the 3-year-old children and 141 (70 in FM condition) for the adults. Data were smoothed using a second-order 10-Hz dual pass Butterworth filter and analyzed in MATLAB (The Mathworks, Inc, Boston, MA). For each successfully recorded trial, the onset and offset of the reaching movement was identified from the 3-D movement trajectory and the tangential velocity profile of the wrist marker. Onset was defined as the frame when the wrist marker crossed a velocity limit of 20 mm/s and increased over the next five frames. The time of hand-object contact was defined as the first frame when the peg marker moved in a horizontal direction at the same time as the finger(s) first contacted the peg. Offset of the reach was defined as the frame when the wrist marker decreased to a velocity of 10 mm/s and a pincer grasp was established ( Figure 1 ). The following kinematic parameters were derived: movement duration (from onset of reaching to peg contact), cumulative (3-D) distance of hand (accumulated distance the wrist marker is transported during the reaching movement), peak velocity (maximum velocity during the reaching movement), peak velocity placement (where the peak velocity occurs in terms of percentage of movement duration), time difference between peak velocity and peak deceleration (the initial deceleration phase), time difference between peak velocity and hand-peg contact (the total deceleration phase), time difference between hand object contact-reach offset (time needed to establish a grip after the first contact with the peg), straightness of reach (the ratio between the actual distance the wrist marker is transported and the shortest distance connecting the hand to contacting the peg), and number of movement units (MUs). All kinematic parameters were derived from the 3-D registrations of the wrist markers, with supplementary data gathered from the peg marker. Number of MUs was computed following von Hofsten (1991) . (A movement unit consists of one acceleration phase and one deceleration phase. The beginning of these respective phases are defined as an accumulated increase or decrease in velocity of at least 20 mm/s and an acceleration or deceleration exceeding 5 mm/s 2 .) All outcome data were subjected to both univariate and multivariate repeated-measures ANOVA, with condition representing the within-subject repeated measure and age the between-subject factor. The data were tested for multisample sphericity to examine whether the assumptions for a univariate ANOVA were violated. For a two-level condition, this test reduces to testing the equality of within-age group variances of the difference between the FM and NFM measurements for which Levene's test provides a robust method (Levene, 1960) . Multivariate ANOVA was also considered as an alternative to the univariate test. In general, the multivariate ANOVA does not require multisample sphericity and is robust to failure of the homogeneity of variance assumptions where sample sizes are balanced (Keselman et al., 1995) ; our design has near balance across subjects and will be robust. However, for repeated measures with two levels, univariate and multivariate ANOVAs are equivalent and give the same F values. All measures were tested for main effects of age and condition as well as the interaction between them. Post hoc comparisons for all significant interactions were made with Tukey's HSD test. The preset alpha level was .05 for all analyses.
Results
Inevitable age effects are reported in Table 1 , together with those for condition (FM, NFM). Levene's test indicated that, for all but two of the measures, the assumption of multisample sphericity was violated (see Table 1 ). Log-transformed measures were also investigated, but this worsened sphericity. No significant effect of condition was found for any of the kinematic parameters in relation to the adults' reaching movements, although they generally displayed somewhat longer reach durations and lower peak velocities in the FM condition compared with NFM (Table 1) .
As mentioned previously, a number of the children refused to perform prehension movements with finger markers attached to their fingers. Thus, findings pertaining to the children are derived from the successful kinematic recordings made from those children for whom comparisons between conditions were possible.
A significantly larger peg contact-to-reach offset time (i.e., a longer time to establish a grip after the first contact) for FM relative to NFM condition was found for the children, as well as a significant main effect of age. Significant main effects of age and condition were also obtained for the straightness of the reach, as well as a significant interaction, F(1, 20) = 6.08, p < .05. The post hoc analysis revealed that the children's reaching paths were significantly straighter in the FM compared with the NFM condition (Figure 1) .
Concerning the segmentation of the children's reaching movements, denoted by the number of MUs, significant effects were evident for both age and condition, together with a significant interaction, F(1, 20) = 8.69, p < .05. Post hoc analysis showed that in the FM condition, reaching movements by the children were less smooth, in that they contained more MUs compared with the NFM condition (see example given in Figure 1) . No significant effects of condition were found for the remaining kinematic parameters (Table 1) .
Discussion
In the present study, evidence for the effects of finger markers attached to the thumb and index finger on the kinematic properties of reaching movements in 3-year-old children was demonstrated in terms of a more segmented reaching path, an increased time to establish a grip after initial object touch, and an atypically straighter reaching path for this age group. No such effects were found for the adults.
Although derived from a small sample size and based on an undemanding task, the findings clearly indicate that the use of finger markers affected the 3-year-olds' spatiotemporal adjustment in relation to both the transport and grasp phases of the reaching movement. The effect on the transport phase was apparent in terms of a straighter path of the hand to the object in the FM condition, but with a less smooth movement trajectory as denoted by an increase in the number of MUs. Previous studies on infant arm movements and reaching behavior have established an association between a decrease in number of MUs and more smoothly controlled and mature reaching movements (von Hofsten, 1991; von Hofsten & Rönnqvist, 1993) . Thus, as reaching movements in the FM condition contained more MUs than those in the NFM condition, this could be taken as an indication that the former were not as smoothly controlled as the latter. It should be noted, however, that the calculation of MUs can involve a slight risk for the inclusion of artifacts. One interpretation of the more surprising finding of increased straightness of the reaching trajectory in the FM condition is that the proprioceptive cues involved in the natural reaching behavior of the children may have been facilitated by the added visual and tactile information available from the finger markers, which gives rise to a more direct, but at the same time more temporally segmented, reaching path. However, given that the reaching path of the wrist mainly depends on appropriate coordination of elbow and shoulder motions, the involvement of proprioceptive cues from the finger markers remains a speculative possibility.
Further support for such an interpretation can be gained from the effects associated with hand-object touch during the final deceleration phase. It has previously been suggested that children need more time to process and use visual and proprioceptive feedback information when reaching to grasp, as expressed in increased time spent in deceleration (Pryde et al., 1998) . However, Smyth et al. (2004) demonstrated that 5-to 6-year-old children do not necessarily rely more on visual information than do older children and adults, or spend longer time in deceleration, when reaching. In the present study, the increased time to establish a grip in the FM condition indicates that the timing and anticipatory control of the reach-to-grasp movements were affected. Although not significantly so, the children also spent longer time in the initial deceleration phase (i.e., time between peak velocity and peak deceleration) in the FM condition, an outcome in line with this reasoning. Such effects could be interpreted as a "competition" between two sources of visual information (namely, from the finger markers and the object), especially during the final approach and grasping phases when both the hand and the object are concurrently within the visual field. Following previous methodological approaches for studying the effects of vision of the hand on reaching movements (Churchill et al., 2000; Clifton et al., 1993) , one way to gauge how visual and haptic information from the finger markers may influence such movements could be to compare reaching to a glowing object in the dark with reaching in the light during both the FM and NFM conditions.
With regard to age differences, the present findings are generally in agreement with those of previous studies reporting that children display more segmented and curved reaching trajectories and spend an increased amount of time in the final approach to the object compared with adults (e.g., Kuhtz-Buschbeck et al., 1999; Pryde et al., 1998; von Hofsten & Rönnqvist, 1988) . As for adults, we could find no evidence that their reaching kinematics were affected by the finger markers, and thus whatever effects there are in this respect they are seemingly restricted to young children. It should be noted, however, that our study concerned only a specific set of kinematic parameters as derived from markers attached to the wrists. Thus, the present findings do not have implications for the possible effects of finger markers on the grasping performance of adults or on the interjoint couplings during the reaching and grasping phases.
To conclude, even though limited in scope by the number of participants, the present study raises a variety of issues for further research. These include examining the effects of variations in the size, weight, and placement of markers on the kinematics of reaching. In addition, data are needed on the age dependency of such effects. At what age, and under what conditions, do finger markers no longer continue to exert detectable influences on the kinematics of prehensile movements? An option would also be to replace the markers with painted reflective marks to the fingertips (recorded by either optoelectronic or video technique) to see whether the present findings are persistent. Finally, it would be of interest to know whether variations in instructions given to participants, particularly children, result in findings similar to or different from those reported in the present study.
